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Mutations in genes encoding presenilin-1 (PS-1) and 
preseniIin-2 (PS-2) cause many cases of autosomal 
dominant inherited forms of early-onset Alzheimer's 
disease (AD). PSs are expressed in neurons through- 
out the nervous system, with differences in abundance 
among cell populations. PS-1 and PS-2 each have six 
to eight transmembrane domains and are localized 
mainly in the endoplasmic reticulum (ER). PSs may 
interact with cytoskeletal proteins and P -amyloid 
precursor protein (APP) in ways consistent with roles 
in membrane trafficking and APP processing. Expres- 
sion of mutant PSs in cultured cells and transgenic 
mice results in increased production of an amyloido- 
genic-cytotoxic form of amyloid p-peptide (Ap). Neu- 
ral cells expressing mutant PSs exhibit increased 
sensitivity to apoptosis induced by trophic factor 
withdrawal and Ap. The proapoptotic action of mu- 
tant PSs involves perturbed calcium release from ER 
stores and increased levels of oxidative stress. PS 
mutations may also suppress neurotransmitter synthe- 
sis in cholinergic neurons, suggesting a role in regula- 
tion of neuronal phenotype. Homology of PSs with the 
C elegans gene se/-12 and phenotypic similarities of 
PS-1 and Notch knockout mice suggest a developmen- 
tal role for PSs in somitogenesis. Collectively, the 
emerging data suggest intriguing roles of PSs in 
neuronal plasticity and cell death and highlight the 
importance of the ER as a regulatory site involved in 
the pathogenesis of neuronal degeneration in AD. J. 
Neurosci. Res. 50:505-513, 1997. © 1997 Wii cy -Uss, inc. 
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PRESENILIN MOLECULAR GENETICS 
AND ALZHEIMER'S DISEASE 

Mutations responsible for many cases of autosomal 
dominant (100% penetrance), early-onset Alzheimer's 



disease (AD) were localized to chromosomes 14 and 1 
(St. George-Hyslop et al. f 1992; Levy-Lahad et al., 1995a). 
Two years ago the genes harboring the mutations were 
identified (Levy-Lahad et al., 1995b; Rogaev et al., 1995; 
Sherrington et al., 1995), and they are now referred to as 
presenilin-1 (PS-1; chromosome 14) and presenilin-2 (PS-2; 
chromosome 1). At least 41 mutations in PS-1 and 2 
mutations in PS-2 have been identified in familial AD 
kindreds (see Hardy, 1 997 for review); because most of the PS 
mutations have only been identified in single families, addi- 
tional PS mutations will almost surely be identified in the 
future. With one exception, all the PS-1 and PS-2 mutations 
are missense mutations that result in a single amino acid 
substitution. The age of onset of AD in families harboring 
PS-1 mutations is quite young, ranging from 29 to 56 years, 
whereas the age of onset in cases with PS-2 mutations is 
somewhat older (40+ years). All of the missense mutations 
affect amino acids that are conserved in PS-1 and PS-2, and 
the vast majority of the mutations occur in or immediately 
adjacent to transmembrane domains (Fig. 1). Particularly 
striking are clusters of mutations in two domains, one which 
encodes putative transmembrane domain 2 (15 mutations) 
and another immediately adjacent to the hydrophilic loop 
domain (11 mutations). Obviously, the latter regions of the 
PSs are critical for the pathogenic mechanism(s) of the PSs 
and are also likely to be domains that mediate important 
physiological functions of PSs. 

CELLULAR EXPRESSION AND SUBCELLULAR 
LOCALIZATION OF PRESENILINS 

Immunohistochemicai analyses indicate that PSs 
are widely expressed in the nervous system, as well as in 
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Fig. 1. Predicted structure of PS-1. PS-1 may have eight 
transmembrane domains with both the N- and C-termini, as 
well as a hydrophobic domain (HP) and a loop region, residing 
on the cytoplasmic side of the endoplasmic reticulum mem- 
brane. Full-length PS-1 can be enzymatically cleaved at the site 
adjacent to the loop region (arrow). Regions of major clusters of 
missense mutations (*) are located in transmembrane 2 and just 
N-terminal to the cleavage site. Modified from Hardy (1997). 



many other organ systems (Sherrington et al., 1995; 
Levy-Lahad et al., 1995b). Within the brains of rodents, 
primates, and humans PSs are expressed at high levels in 
neurons, and there is considerable cellular colocalization 
of PS-1 and PS-2 (Cook et al., 1996; Elder et al., 1996; 
Kovacs et al., 1996; Lee et al., 1996; Suzuki et al., 1996; 
Lah et al., 1997). PS levels are particularly high in the 
pyramidal neurons of the hippocampus compared with 
dentate granule cells and neocortical cell populations 
(Page et al., 1996); PS-1 immunoreactivity is concen- 
trated in cell bodies and dendrites, with lower levels 
present in axons (Elder et al., 1996; Lah et al., 1997). PSs 
are expressed during early stages of neurogenesis and 
differentiation in the rodent brain (Berezovska et al., 
1997) and are also expressed in both neurons and 
astrocytes in primary dissociated cell cultures of embry- 
onic mouse (Cribbs et al., 1996) and human (Fig. 2) brain. 
Excitotoxic lesions cause a loss of PS-1, consistent with 
expression primarily in neurons (Page et al., 1996). 
Cellular signaling pathways that may modulate expres- 
sion of PSs remain to be identified. However, 5' upstream 
regions of the PS- 1 gene have been sequenced and reveal 
several potential transcription regulatory elements, includ- 
ing several STAT elements (Rogaev et al., 1997). 

Immunocytochemical analyses of AD and control 
brains have shown that PS-1 is present in both nonvulner- 
able and vulnerable neurons, with levels being lower in 
neurofibrillary tangle-bearing neurons and neuritic plaques 
compared with undamaged neurons (Uchihara et al., 
1996; Giannakopoulos et al., 1997; Weber et al., 1997). In 
cultured neural and nonneuronal cells PS-1 localizes to 
subcellular compartments and appears to be at particu- 
larly high levels in the endoplasmic reticulum (ER; Cook 
et al., 1996; Guo et al., 1996; Kovacs et al., 1996; Fig. 2). 
Walter et al. (1996) used confocal laser scanning micros- 



Fig. 2. Subcellular localization of PS-1 in cultured embryonic 
human cerebral cortical neurons. Confocal laser scanning 
microscope images of PS-1 immunoreactivity in control neu- 
rons (upper) and neurons transfected with wild-type PS-1 by 
using an ade no-associated virus (AAV) vector. Note localiza- 
tion of PS- 1 in perinuclear organelles. 



copy and double-labeling using antibodies to PS-1 and 
the ER-specific protein grp78 to provide evidence that 
PS-1 and PS-2 are localized to the ER. In the latter study 
it was also shown that very little PS-1 or PS-2 is present 
in Golgi. Taken together with the predicted structure of 
PSs (see next section), the available data suggest that 
presenilins are concentrated in ER membranes in neu- 
rons. 
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STRUCTURE AND MEMBRANE TOPOLOGY 
OF PRESENILINS 

PS-1 and PS-2 have 67% identity at the amino acid 
level. Comparisons of the amino acids sequences of PSs 
with other known proteins and biochemical analyses of 
PS-1 and PS-2 suggest the presence of several functional 
domains. Some of the transmembrane domains in PSs 
have considerable homology to domains present in cal- 
cium channels (Fig. 1). On the basis of hydrophobicity 
analyses of the deduced amino acid sequences, Sherring- 
ton et al. (1995) and Levy-Lahad et al. (1995b) proposed 
that PS-1 and PS-2 contain seven transmembrane do- 
mains. This prediction placed the N- and C-termini of the 
proteins on opposite sides of the membrane. Doan et al. 
(1996) used two approaches to determine the topology of 
PS-1. First, they determined whether the putative trans- 
membrane sequences were sufficient to move a protease- 
sensitive substrate across a lipid bilayer. Second, they 
used antibodies that recognize specific epitopes in PS-1 in 
immunostaining studies of permeabilized cultured CHO 
cells expressing chimeric proteins consisting of the 
C-terminus of P-amyloid precursor protein (APP) contain- 
ing the Swedish double mutation and a putative transmem- 
brane domain of PS-1. The results indicate that both the 
N- and C-termini are located on the cytosolic side of 
intracellular membranes; the loop domain is also located 
on the cytoplasmic side of the membrane (Fig. 1 ). PS-1 is 
predicted to have eight transmembrane domains. Similar 
predictions as to the membrane topology of presenilins 
came from the work of Li and Greenwald (1996) in their 
studies of the C elegans presenilin homolog sel-\2. The 
latter studies used ^/-12:LacZ hybrid proteins, in which 
LacZ was placed after each of 10 hydrophobic regions 
predicted bases on hydrophobicity analyses. On the other 
hand, using a chimeric PS-1 in which a reporter protein 
containing three artificial glycosylation sites was fused to 
PS-1, Lehmann et al. (1997) provided evidence that PS-1 
has a six transmembrane domain structure. 



WHAT ARE THE NORMAL FUNCTIONS 
OF PRESENILINS? 

At the present time the normal functions of PS-1 
and PS-2 have not been established, and speculation as to 
their function(s) has come largely from knowledge of 
their structure, cellular expression, and subcellular local- 
ization. PS-1 and PS-2 have considerable homology to 
two C. elegans genes called spe-4 and sel-12 (Levitan and 
Greenwald, 1995; Levitan et al., 1996). spe-4 functions in 
spermatogenesis by regulating protein trafficking in the 
Golgi, whereas sel-12 plays a role in the process of egg 
laying by a mechanism involving the Notch signaling 
pathway. Patterns of expression of PS-1 and Notch in the 



developing rodent nervous system are very similar, being 
high during neurogenesis and decreasing as the embryo 
develops (Williams et al., 1995; Berezovska et al., 1997), 
suggesting the potential for functional interactions of 
PS-1 and Notch. Interestingly, human PS-1 can rescue 
defective egg laying resulting from mutations in sel-12, 
strongly suggesting similar functions of PSs and sel-12. 
Recently, PS-1 knockout mice were generated (Wong et 
al., 1997); they manifest defects in body segmentation 
similar to Notch mutant mice (Conlon et al., 1995) and 
die of cerebral hemorrhage late in gestation. Clearly, 
further studies of functions of Notch in neurons will 
provide valuable insight into the normal functions of PSs 
in the nervous system. 

Several laboratories have shown that PS-1 is endo- 
proteolytically processed in a manner suggesting a physi- 
ological role for such processing (Thinakarin et al. 1996* 
Mercken et al., 1996). In most cell types full-length 
(46-55 kDa) PSs are cleaved within exon 9 (loop 
domain), resulting in a 17-20 kDa C-terminal fragment 
and a 25-35 kDa N-terminal fragment. Tanzi and co- 
workers (1997) have shown that in the case of PS-2 the 
C-terminal fragment is found in the detergent-insoluble 
fractions, suggesting a cytoskeletal association. These 
findings raise the possibility that PS cytoplasmic domains 
may interact with the cytoskeleton, which could influence 
a variety of cellular processes including vesicle traffick- 
ing and ER calcium regulation, for example. In addition 
Busciglio et al. (1997) described an association between 
the C-terminal fragment of PS-1 and neurofibrillary 
tangles, suggesting an interaction between PSs and the 
cytoskeletal elements (possibly tau protein) in AD. The 
mechanisms controlling proteolytic processing of PSs 
and the physiological role of such processing are un- 
known. Because many physiological processes°are regu- 
lated by protein phosphorylation, several laboratories 
have been characterizing phosphorylation of PSs. Walter 
et al. (1996) reported that PS-2 is selectively phosphory- 
lated on serine residues in an acidic N-terminal domain 
that is not present in PS-1. These findings suggest 
differences in the physiological regulation and/or func- 
tion of PS-1 and PS-2; elucidating the identity of the 
kinase(s) and phosphatase(s) responsible for regulation of 
PS-2 phosphorylation will be of considerable interest. 

Weidemann et al. (1997) reported that PS-1 inter- 
acts with APP in a noncovalent manner and provided 
evidence that this association could occur in ER; in 
addition, overexpression of PS-2 caused a decrease in 
APP secretion, suggesting a role for PS-2 in APP 
trafficking or proteolytic processing. Walter et al. (1996) 
also showed that PS-1 and PS-2 are localized in the ER, 
and to a lesser extent in the Golgi, further suggesting roles 
for PSs in APP processing (Fig. 3). Such actions of PSs 
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Fig. 3. Possible mechanisms underlying normal functions of 
PSs and the neurodegeneration-promoting actions of PS muta- 
tions in Alzheimer's disease. PS-1 and PS-2 (PSs) are located in 
the membrane of the endoplasmic reticulum (ER). PSs may 
play roles in the regulation of calcium release from ER stores, 
possibly by modulating the activity of inositol triphosphate 
(IP 3 ) receptors. By interacting with proteins in other cell 
membranes, such as the Golgi apparatus, or with cytoskeletal 
proteins (CSK) or 0-amyloid precursor protein (APP), PSs may 
play roles in membrane trafficking and processing of proteins, 
including APR Based on this model, there are several possible 
mechanisms whereby PS mutations promote neuronal degenera- 
tion in AD. By interacting with APP or altering APP trafficking, 
PS mutations may increase 7-secretase cleavage of APP, 
resulting in increased production of Apl-42, which then forms 
neurotoxic fibrils. By enhancing calcium release from ER, PS 
mutations sensitize neurons to apoptosis induced by cellular 
stress resulting from activation of glutamate receptors, meta- 
bolic compromise, and exposure to amyloid P-peptide (AP), for 
example. Mutant PSs have also been shown to enhance 
accumulation of reactive oxygens species (ROS), which could 
account for the increased oxidative stress in neurons evident in 
AD brain. Ach, acetylcholine; Mito, mitochondria. 



are consistent with the known function of the PS homo- 
logue sel-4 in C. elegans. 

A role for PSs in neuronal ER calcium signaling is 
suggested by recent calcium imaging studies, which 
showed that agonist-induced calcium release from ER is 
enhanced in PCI 2 cells expressing mutant PS-1 (Guo et 
al., 1996; Figs. 3 and 4A). The altered ER calcium 
regulation could, in principle, result from direct func- 
tional interactions of PS-1 with ER membrane proteins, 
such as the IP 3 receptor or Ca 2+ -ATPase, or from effects 
on other systems that indirectly influence ER calcium 
homeostasis. Calcium release in response to thapsigargin, 
an inhibitor of the ER Ca 2+ -ATPase was also enhanced in 
PC 12 cells expressing mutant PS-1, suggesting that the 
primary mechanism of action of mutant PS-1 did not 



involve inhibition of the Ca 2+ -ATPase (Guo et ah, 1996). 
It is not known whether wild-type PSs serve a normal 
function in regulation of neuronal calcium homeostasis. 
However, given the key roles of calcium in regulating 
major developmental processes and in neurodegenerative 
disorders (see Mattson, 1992 for review), further studies 
of possible roles of PSs in calcium signaling are war- 
ranted. Finally, although PSs are present at high levels in 
the ER, and the major focus of current studies are on PS 
actions in this organelle, the possibility of major sites of 
PS function in other cellular compartments where they 
may be present at lower levels should not be overlooked. 



MECHANISMS WHEREBY PRESENILIN 
MUTATIONS RESULT IN 
ALZHEIMER'S DISEASE 

Deposits of Ap (plaques) and neuronal degenera- 
tion, which manifests as synapse loss and neurofibrillary 
tangles, are defining features of AD (Selkoe, 1994). The 
question of how mutations in PSs lead to plaques, 
synapse loss, and neuronal death merits intense investiga- 
tion because the answer will lead to a fuller understanding 
of AD pathogenesis and to novel preventative and 
therapeutic approaches. At present, there are data accumu- 
lating that support three different hypotheses: 1) PS 
mutations result in altered PAPP processing and in- 
creased levels of AP and/or the 1-42 form of A P; 2) PS 
mutations promote apoptotic cell death pathways; and 3) 
PS mutations cause aberrant subcellular (ER) calcium 
regulation which promotes excitotoxic and apoptotic 
cascades. These hypotheses are not mutually exclusive 
and may all prove to be, more or less, correct. 

Altered (J-APP Processing 

Amyloid P-peptide (AP) is a 40-42 amino acid 
peptide that is generated by enzymatic cleavage of the 
P-amyloid precursor protein (APP), a transmembrane 
protein (Fig. 3). Although the enzymes responsible for 
cleavage at the N-terminus (P-secretase) and C-terminus 
(7-secretase) of Ap have not been identified, considerable 
information has accrued concerning mechanisms of APP 
processing (see Selkoe, 1994; Mattson, 1997a for re- 
view). Mutations in APP are linked to a small percentage 
of cases of autosomal, dominant inherited AD, and these 
mutations, when expressed in cultured cells or transgenic 
mice, result in increased production of the long form of 
Ap (Apl-42), which has particular propencity to form 
insoluble amyloid fibrils (Younkin, 1995). Api-42 ap- 
pears to be the predominant form of Ap deposited in the 
brain in AD, and it was therefore logical to test the 
hypothesis that PS mutations alter APP processing in a 
manner similar to APP mutations. Scheuner et al. (1996) 
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reported that, indeed, plasma from individuals bearing PS 
mutations had significantly elevated levels of Afi 1 -42 and 
that fibroblasts from the carriers produce and release 
more Ap 1-42 than do fibroblasts from noncarriers. More- 
over, cultured cells and transgenic mice overexpressing 
mutant PS-1 (but not wild-type PS-1) exhibit increased 
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levels of A0 1-42 (Duff et ah, 1996; Borchelt et al., 1996). 
The mechanism whereby PS mutations increase A01-42 
levels is not known; PSs might participate directly in APP 
processing or they might influence other metabolic pro- 
cesses that secondarily affect APP processing. For ex- 
ample, we have proposed that a primary effect of PS 
mutations is to increase subcellular (oxidative and/or 
ionic) stress, which, in turn, leads to altered APP process- 
ing (Guo et al., 1997). In any case, the subcellular 
localization of PSs in the ER is providing important clues 
as to their roles in APP processing. 

Increased Sensitivity to Oxidative 
Stress-Induced Apoptosis 

Apoptosis and necrosis are two morphologically 
distinct forms of cell death that appear to have both 
distinct and shared mechanistic underpinnings. Cells 
undergoing apoptosis shrink and exhibit nuclear chroma- 
tin condensation and DNA fragmentation, whereas ne- 
crotic cells swell and lyse. Apoptosis has been referred to 
as "programmed cell death" because macromolecular 
synthesis inhibitors can suppress the death in many 
instances, suggesting the requirement for production of 
"killer" proteins (Thompson, 1995). However, it is also 
clear that apoptosis can result from insufficient levels of 
activation of antiapoptotic signaling pathways (Mattson 
et al., 1996). In general, cells that die as the result of 
subtle and protracted exposure to adverse conditions 



Fig. 4. Expression of mutant PS-1 in neural cells results in 
perturbed ER calcium regulation which is linked to increased 
vulnerability to apoptosis. A: Comparison of peak [Ca 2+ ]j 
responses to carbachol in different PC 12 cell lines: untrans- 
fected parent cell line; vector transfected lines; lines overexpress- 
ing wild-type (WT) PS-1, and lines expressing mutant (L286V) 
PS-1. Values are means and SD of determinations made in four 
separate cultures (18-24 cells per culture). B: Cultures of PC 12 
cells expressing mutant (L286V) PS-1 were pretreated for 2 hr 
with vehicle (Control and A0), 1 uM dantrolene, or 1 uM 
nifedipine. Cultures were then exposed to 50 uM Ap25-35 for 
eidier 4 hr (for measurement of [Ca 2+ ]j; fura-2 imaging) or 24 
hr (for quantification of cell survival; LDH release assay). 
Values are means and SD of determinations made in four 
cultures for [Ca 2+ L measurements (15-25 cells per culture) or 
6-12 separate cultures for cell survival analysis. C: Following 
induction of PS-1 expression by removal of tetracycline, 
cultures of differentiated PC 12 cells of the indicated lines were 
incubated for 48 hr in serum-free medium containing or lacking 
NGF, and the percentage of cells exhibiting apoptotic nuclei 
was quantified. Values are means and SEM of determinations 
made in at least four separate cultures, vector, vector- 
transfected control cell lines; WTPS1, wild-type PS-1; 
PS1L286V, PS-1 containing the L286V mutation. Modified 
from Guo et al., 1996. 1997. 
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undergo apoptosis, whereas cells subjected to sudden and 
severe insults will die by necrosis. Data from studies of 
postmortem AD brain tissue (Su et ah, 1994; Smale et ah, 
1995) and culture paradigms of neuronal death relevant to 
AD, such as exposure to Ap (Loo et al., 1993; Kruman et 
al., 1997), suggest that neuronal apoptosis occurs in AD. 
When taken together with the observation that PS-2 is 
homologous to ALG-3, a mouse protein that protects 
T-hybridoma cells against apoptosis induced by /as ligand 
(Vito et al., 1996), possible actions of PSs in apoptotic or 
antiapoptotic pathways were explored. 

It was reported that overexpression of wild- type 
PS-2 in PC 12 cells enhances apoptosis induced by AP 
and trophic factor withdrawal (Wolozin et al., 1996) or 
exposure to staurosporine or hydrogen peroxide (Deng et 
a!., 1996). The proapoptotic action of wild-type PS-2 in 
neural cells somewhat contradicts the data from studies of 
ALG-3 in hybridoma cells. However, it was also reported 
that mutant PS-2 has enhanced apoptotic activity com- 
pared with wild-type PS-2 (Wolozin et al., 1996), suggest- 
ing a possible mechanism of action in AD. The latter 
findings corroborate a previous study that showed that 
expression of mutant PS-1 in cultured PC 12 cells sensi- 
tizes them to apoptosis induced by A(3 (Guo et al., 1996). 
In the case of PS-1 , however, overexpression of wild-type 
PS-1 has little or no proapoptotic effects (Guo et al., 1996, 
1997). In the case of PS-2, the mechanism underlying a 
proapoptotic effect is unknown. In the case of mutant 
PS-1 the apoptotic mechanism may involve perturbation 
of ER calcium signaling and calcium overload because 
the proapoptotic action is suppressed by dantrolene and 
nifedipine, compounds that block calcium release from 
ER and calcium influx through plasma membrane voltage- 
dependent channels, respectively (Guoeial., 1996, 1997; 
Fig. 4B). 

By controlling the expression of wild-type and 
mutant PS-1 in PC 12 cells by using a tetracycline- 
responsive promoter, we were able to differentiate the 
cells into a neuron-like phenotype by exposure to nerve 
growth factor (NGF) in the absence of PS- 1 expression 
and then turn on PS-1 expression in the differentiated 
cells (Guo et al., 1997). Expression of mutant (L286V) in 
differentiated PC12 cells greatly increased their vulnerabil- 
ity to NGF withdrawal -induced apoptosis (Fig. 4C). 
PC 12 cells coexpressing mutant PS-1 and the antiapop- 
totic gene product Bcl-2 were resistant to apoptosis 
induced by NGF withdrawal or exposure to A0. NGF 
withdrawal induced an increase in the level of cellular 
peroxides in PC12<ells, and this marker of oxidative 
stress was enhanced in ceils expressing mutant PS-1 (Guo 
et ah, 1997). Bcl-2 suppressed the adverse effect of 
mutant PS- 1 on levels of cellular oxidative stress. Collec- 
tively, these data suggest that PS mutations may promote 
neuronal death by enhancing levels of oxidative stress. 
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Fig. 5. Flow chart of neurodegenerative pathways in Alzhei- 
mer's disease. A major risk factor for AD is "aging," which is 
associated with increases in cellular oxidative stress, mitochon- 
drial DNA (mtDNA) damage, and metabolic impairment. 
Oxidative stress can impair neuronal calcium homeostasis, 
thereby promoting excitotoxic synaptic degeneration and apop- 
totic cell death. APP mutations result in altered enzymatic 
processing of APP leading to increased production of amyloid 
P-peptide (particularly Ap 1-42), which induces oxidative stress 
ind disrupts calcium homeostasis in neurons. Conversely, 
oxidative stress and elevated intracellular calcium levels can 
alter APP processing in favor of increased Apl-42 production, 
thus perpetuating a cyclic degenerative cascade. Presenilin (PS) 
mutations may promote neuronal degeneration by altering APP 
metabolism and/or by disrupting endoplasmic reticulum cal- 
cium homeostasis and inducing oxidative stress. 



Considerable data suggest that increased cellular 
oxidative stress contributes greatly to the neurodegenera- 
tive process in AD. The evidence includes the presence of 
oxidatively damaged proteins, lipids, and DNA in associa- 
tion with neurofibrillary tangles and senile plaques, and 
the ability of AP to induce oxidative stress in neurons (see 
Benzi and Moretti, 1995; Mattson et al., 1996 for review). 
The mechanism of A P- induced apoptosis appears to 
involve increased membrane lipid peroxidation, which 
results in impairment of ion-motive ATPases and glucose 
transporters (Mark et al., 1995, 1997a,b; Goodman et al., 
1996; Kruman et al., 1997). Expression of mutant PS-1 in 
PC 12 cells results in increased oxidative stress as indi- 
cated by peroxide accumulation and mitochondrial dys- 
function following trophic factor withdrawal or exposure 
to AP (Guo et al., 1997). Indeed, the latter study showed 
that antioxidants that suppress membrane lipid peroxida- 
tion, such as vitamin E and propyl gallate, can protect 
neural cells against the proapoptotic actions of PS-1 
mutations. The increased oxidative stress may be second- 
ary to perturbed ER calcium regulation or may result 
from yet-to-be identified, direct effects of PS-1 mutations 
on free radical metabolism. The adverse effects of PS 
mutations on neuronal sensitivity to oxidative stress- 
induced apoptosis likely interact synergistically or addi- 
tively with mitochondrial DNA damage and impaired 
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energy metabolism, which appear to be prevalent in many 
if not all AD cases (Fig. 5; Mattson, 1997b). 

Altered Calcium Homeostasis 

Data obtained from studies of AD brain tissue and 
cell culture and animal studies of AD-relevant neurodegen- 
erative paradigms suggest important roles for perturbed 
neuronal calcium homeostasis in the pathogenesis of 
neuronal dysfunction and death in AD (see Mattson et ah, 
1996; Mattson, 1997a for review). Examples include the 
following: neurofibrillary tangles and neuritic plaques 
exhibit evidence of increased calcium-activated protease 
activities (Nixon et ah, 1994); A0 disrupts neuronal 
calcium homeostasis and increases neuronal vulnerability 
to excitotoxicity (Mattson et al., 1992; Mark et ah, 1995); 
and insults that increase intraneuronal calcium levels 
induce cytoskeletal alterations in hippocampal neurons 
(in cell culture and in vivo) similar to those seen in 
neurofibrillary tangles (Mattson, 1990; Stein-Behrens et 
al., 1994). Mutations in (3-APP that are causally linked to 
a small percentage of cases of inherited AD may promote 
uncontrollable increases in intracellular free calcium 
levels [Ca 2+ ]j by at least two mechanisms (Figs. 3 and 5; 
Mattson, 1997a). First, by increasing the levels of total 
Ap, and/or of the 1-42 form of A0, the mutations would 
lead to increased A0-mediated disruption of calcium 
homeostasis. Second, the mutations may decrease levels 
of secreted forms of APP (sAPP-a) which have been 
shown to stabilize neuronal calcium homeostasis and 
protect neurons against excitotoxic, metabolic, and oxida- 
tive insults, including Ap toxicity (Mattson et ah, 1993; 
Furukawaet ah, 1996). 

Several lines of evidence suggest that PSs may 
modulate neuronal calcium homeostasis and, importantly, 
that PS mutations may perturb subcellular calcium homeo- 
stasis in ways that promote neuronal degeneration. Stud- 
ies of cultured fibroblasts from familial . AD patients 
linked to chromosome 14 (now known to harbor PS-1 
mutations) exhibited increased calcium release from 
intracellular stores in response to bradykinin and bombe- 
sin, agonists with receptors linked to the inositol triphos- 
phate (IP 3 ) signaling pathway (Ito et ah, 1994). PC12 
neural cells expressing mutant PS-1 (L286V) exhibit 
increased calcium release from ER when stimulated with 
the muscarinic receptor agonist carbachol or with brady- 
kinin (Guo et ah, 1996). Elevations of [Ca 2+ L and cell 
death induced by AP were also greatly increased in PC 12 
cells harboring PS-1 mutations (Guo et ah, 1996). The 
latter studies showed that dantrolene, a blocker of cal- 
cium release from ER, protected PC 12 cells against the 
adverse effects of PS-1, suggesting that the perturbed 
calcium homeostasis conferred by mutant PS-1 played a 
key role in increased vulnerability to Ap. Perturbed 
calcium homeostasis, together with enhanced oxidative 
stress, appear to contribute greatly to the proapoptotic 



actions of PS mutations (Guo et ah, 1997). The possibility 
that perturbed ER calcium homeostasis is sufficient to 
account for both the altered p-APP processing and 
proapoptotic actions of mutant PSs merits consideration. 
Levels of the type-3 IP 3 receptor are increased in 
lymphocytes induced to undergo apoptosis, and antisense 
oligonucleotides to the IP 3 receptor prevent apoptosis 
(Khan et ah, 1996). Levels of acyl phosphatase, an 
enzyme that modulates the activity of Ca 2+ -ATPase were 
reported to be increased in fibroblasts from patients 
bearing PS-1 mutations (Liguri et ah, 1996). Haug et ah 
(1996) reported that levels of IP 3 receptors are decreased 
in cerebral cortical tissue from AD patients. Considerable 
work will be required to establish the interrelationships of 
PSs, ER signaling, and apoptosis. 

OTHER MECHANISMS 

Although the mechanisms whereby PS mutations 
lead to neuronal death are a central issue, it is also 
important to consider the impact of PS mutations on 
neuronal function in the absence of overt neuronal 
degeneration. Levels of choline acetyl transferase (ChAT), 
a key enzyme in the biosynthetic pathway for the 
neurotransmitter acetylcholine, are markedly reduced in 
PC12 cells expressing mutant PS-1 compared with con- 
trol PC12 cell lines and to lines overexpresst ng wild-type 
PS-1 (Pedersen et ah, 1997). The adverse effect of mutant 
PS- 1 on cholinergic phenotype occurred both in undiffer- 
entiated cells and cells differentiated into a neuron-like 
phenotype. The mechanism whereby PS-1 mutations 
result in reduced ChAT activity are not known but may be 
related to the well-documented deficits in ChAT and 
acetylcholine in basal forebrain cholinergic neurons and 
their cortical and hippocampai targets in AD. 
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